In most eukaryotes, sphingolipids (SLs) are critical membrane components and signaling molecules. However, mutants of the trypanosomatid protozoan Leishmania lacking serine palmitoyltransferase (spt2 À ) and SLs grow well, although they are defective in stationary phase differentiation and virulence. Similar phenotypes were observed in sphingolipid (SL) mutant lacking the degradatory enzyme sphingosine 1-phosphate lyase (spl À ). This epistatic interaction suggested that a metabolite downstream of SLs was responsible. Here we show that unlike other organisms, the Leishmania SL pathway has evolved to be the major route for ethanolamine (EtN) synthesis, as EtN supplementation completely reversed the viability and differentiation defects of both mutants. Thus Leishmania has undergone two major metabolic shifts: first in deemphasizing the metabolic roles of SLs themselves in growth, signaling, and maintenance of membrane microdomains, which may arise from the unique combination of abundant parasite lipids; Second, freed of typical SL functional constraints and a lack of alternative routes to produce EtN, Leishmania redirected SL metabolism toward bulk EtN synthesis. Our results thus reveal a striking example of remodeling of the SL metabolic pathway in Leishmania.
Introduction
Protozoan parasites of the genus Leishmania cause a spectrum of human diseases prevalent in many tropical and subtropical countries (Cunningham, 2002) . Results emerging from the Leishmania genome sequencing have suggested that metabolic pathways are conserved Ivens et al, 2005) . Nonetheless, like many other pathogens, Leishmania parasites possess the ability to redirect apparently conserved pathways to fulfill specific needs and enhance their survival. Here, we report one such example involving sphingolipid (SL) and phosphatidylethanolamine (PtE) metabolism in Leishmania major, a causative agent for cutaneous leishmaniasis.
In most eukaryotes, SLs represent a minor but highly dynamic class of membrane lipids, which are particularly abundant in membrane microdomains known as 'rafts' (Simons and Ikonen, 1997; Simons and Toomre, 2000; van Meer and Lisman, 2002) . Complex glyco-SLs (such as gangliosides in animals) and small SL metabolites (sphingomyelins, ceramides, and sphingoid bases) play crucial roles in cell-to-cell recognition, intracellular signaling, modulation of apoptosis and stress response, and regulation of cell growth and differentiation (Kolter et al, 2002; Maceyka et al, 2002; Hakomori, 2003; Ruvolo, 2003) . SLs are also involved in protein trafficking and endocytic pathways (Gruenberg, 2001; Ikonen, 2001; Funato et al, 2002) . Consistent with their diverse functions, SLs are typically essential in eukaryotes.
Unlike mammals or plants, Leishmania parasites do not synthesize sphingomyelin or glyco-SLs. Instead, the primary SL is inositol phosphorylceramide (IPC), which accounts for 5-10% of total membrane lipids (Kaneshiro et al, 1986; Zhang et al, 2005) . Recently, SL functions in L. major were probed using an SL-free mutant generated by deleting an essential subunit gene (SPT2) of serine palmitoyltransferase (SPT), the first enzyme in the de novo SL biosynthesis pathway ( Figure 1 ). This spt2 À mutant exhibited several intriguing phenotypes distinct from those seen in mammals and yeast: (1) it completely lacked SLs, yet was viable and replicated as non-infective log-phase promastigotes (procyclics); (2) it retained the ability to form membrane microdomains or 'rafts'; and (3) upon entry into stationary phase, it showed severe defects in vesicular trafficking, accompanied by a rapid loss of viability and an inability to differentiate into the infective metacyclic stage (normally transmitted by the insect vector to the mammalian host) (Zhang et al, 2003; .
Although it was remarkable that Leishmania could replicate normally in the absence of SLs, there remained a potential role for SLs in differentiation and virulence. To further probe this pathway, we have generated an anticipated 'gain-of-function' mutant (spl À ), defective in the degradation of SLs, by deleting the gene encoding for sphingosine-1-phosphate lyase (SPL). SPL breaks down phosphorylated sphingoid bases (sphingosine-1-phosphate or S-1-P and dihydrosphingosine-1-phosphate or DHS-1-P) into ethanolamine phosphate (EtN-P) and fatty aldehydes (Figure 1 ). EtN-P can be used to synthesize PtE, an abundant membrane lipid ( Figure 1 ). However, in many eukaryotes, degradation of SLs by SPL is not the major pathway leading to the production of EtN-P and/or PtE (Figure 1 ), possibly because of constraints imposed by the role of SLs in critical signaling functions (Merrill, 2002) , and the availability of SL-independent pathways for EtN synthesis.
In this study, we show that unlike other eukaryotes, the SL synthetic and degradative pathways demarcated by SPT and SPL have assumed the role of bulk EtN provision, which is essential for Leishmania survival and differentiation in stationary phase. These data allowed us to establish that a remarkable and unprecedented remodeling of the 'dangerous' SL pathway (Merrill, 2002) has occurred in Leishmania parasites.
Results
Identification and targeted replacement of L. major SPL A single candidate sphingosine 1-phosphate lyase (SPL) gene was identified by database mining (LmjF30.2350). The predicted L. major SPL protein contained 537 amino acids and showed significant homology to the SPLs from other eukaryotes (35-39% amino-acid identity; Supplementary Figure  S1 ). The LmSPL exhibited a pyridoxal-phosphate binding site motif and other conserved amino-acid residues known to be required for SPL activity (Van Veldhoven et al, 2000) (Supplementary Figure S2) .
Gene replacements can be performed readily in L. major (Cruz and Beverley, 1990) , and an spl À null mutant was generated by consecutive targeted replacements of the SPL ORF with those encoding G418 (NEO) and hygromycin (HYG) resistance. Candidate spl À mutants were obtained and Southern blots confirmed loss of SPL genes (data not shown). As a control, SPL was reintroduced into the mutant on an episomal expression vector, referred to as spl Figure 2A ). Second, both mutants reached a lower density) in stationary phase (0.8-1.2 Â10 7 /ml versus 2-3.3 Â10 7 /ml; Figure 2A ). Third, upon entry into stationary phase, both mutants showed increased cell death. After 3 days in stationary phase, 30-55% of mutant cells became permeable to propidium iodide, in comparison to only 3-6% of WT ( Figure 2B ; small differences between the two mutants evident in the experiments shown were not reproducible and/or significant in other experiments). These defects were due solely to the loss of SPL or SPT2 gene, as re-expression of SPL or SPT2 restored the behavior to WT (Figure 2A and B) .
We examined formation of the infective metacyclic stage, which can be distinguished from the non-infective procyclics (log-phase promastigotes) in morphology, reactivity to lectins such as peanut agglutin (PNA) and/or monoclonal antibodies, density gradient sedimentation, and virulence (Sacks et al, 1985; Späth and Beverley, 2001) . When metacyclics were scored by the PNA lectin method, the spl À mutant produced few, if any, viable metacyclics (0.5-1.0% for WT versus o0.02% in the spt2 À and spl À mutants; Figure 2C ); similar results were seen with the density gradient method (Supplementary Figure S3) . Metacyclogenesis was restored by re-expression of SPL and SPT2 genes ( Figure 2C and Supplementary Figure S3 ) to WT levels in the case of spt2 À / þ SPT2, but to levels reproducibly 3-4-fold greater than WT with spl À / þ SPL ( Figure 2C ). Interestingly, when scored by the density gradient (size) method, metacyclic levels were similar to WT in both complemented mutants (Supplementary Figure S3) . The basis of this 'overshoot' phenomenon for metacyclics scored by the PNA lectin method is unknown, although it appears to be transient, as it disappears after a few passages in culture (data not shown).
SPL activity and phospholipid and sphingolipid synthesis in spl À Leishmania
Microsomal preparations from stationary phase WT, spl À , and spl À / þ SPL parasites were assayed for SPL activity ( Figure 2E ). WT and spl À / þ SPL parasites showed low but significant activity (22.971.8 and 23.274.5 pmol/mg/min), whereas spl À parasites showed lower levels, at most 35% of WT (8.073.4 pmol/mg/min; Po0.05). Experience suggests that the low spl À value is close to background in these assays, although the presence of a second residual SPL activity cannot be ruled out. Log-phase promastigotes were labeled 48 h with [ 3 H]serine and total lipids were extracted and separated by thin-layer chromatography. Labeled lipids were identified by comparison with the migration of standards, and where possible, mass spectrometry after extraction from plates. In WT parasites, serine was abundantly incorporated into both glycerophospholipids (PtE and phosphatidylcholine (PtC) and sphingolipids (ceramides and IPC; Figure 2D ). As expected, the spl À mutant synthesized ceramides and IPC, but unexpectedly, PtE and especially PtC synthesis was greatly reduced ( Figure 2D ). A similar decrease in phospholipid synthesis was seen in the spt2 À mutant ( Figure 2D ; Zhang et al, 2003) . Additionally, spl À showed accumulation of a new species whose mobility was similar to S-1-P ( Figure 2D , arrowhead). Attempts to determine its structure by mass spectrometry were unsuccessful, nor were we able to identify sphingoid base 1-phosphates in these samples by mass spectrometry (data not shown). Elevated levels of d16:1 sphingosine were detected in the spl À mutant, especially in stationary phase ( Figure 2F ); elevated sphingosine levels are also seen in other eukaryotic SPL mutants (Mendel et al, 2003) . Notably, d16:1 sphingosine is the form expected from metabolism of the abundant d16:1/18:0 IPC of Leishmania (Zhang et al, 2003) . Restoration of SPL expression returned the serine incorporation profile back to the WT pattern ( Figure 2D ). Thus, SPL deletion specifically leads to a substantial decrease in SPL activity ( Figure 2E ), and within the limits of the techniques used, accumulation of upstream metabolites such as sphingosine and possibly S-1-P ( Figure 2D ).
Ethanolamine completely restores the stationary phase defects of spl À and spt2 À promastigotes
Given the similar phenotypic consequences of SPL or SPT2 inactivation, we sought common metabolic perturbations. While the effects on SL synthesis differed as expected ( Figure 2D ), both mutants showed reduced PtE and PtC synthesis ( Figure 2D ), which returned to WT upon restoration of SPL or SPT2 synthesis ( Figure 2D ). Phosphatidylserine (PtS) was below the limit of detection by serine labeling or electrospray ionization/mass spectrometry (ESI/MS) of total promastigote lipids ( Figure 2D , data not shown) (Zufferey et al, 2003) . Notably, phosphoethanolamine (P-EtN) is the first common downstream metabolite from SPT and SPL (Figure 1 ). In mammals and fungi, EtN is incorporated into PtE (and then PtC) through the Kennedy pathway (EtN-P-EtN-CDPEtN-PtE; (Kent, 1995; Storey et al, 2001; Vance, 2003) ( Figure 1 ). This pathway occurs in trypanosomes (Rifkin et al, 1995) , and relevant genes are evident in the Leishmania genome (not shown). H]serine-labeled lipids from SPT2 and SPL mutants. The arrowhead indicates a species accumulated in the spl À mutant probably corresponding to sphingosine-1-phosphate. Abbreviations: PtC, phosphatidylcholine; IPC, inositol phosphorylceramide; PtE, phosphatidylethanolamine; SB, sphingosine; S-1-P, sphingosine-1-phosphate. Note: the spot corresponding to PtC (now confirmed by MS analysis) was previously incorrectly labeled as PtS (Zhang et al, 2003) . (E) SPL activity assay. The average and standard error of four determinations is shown. The difference between spl À and the other lines is significant at the Po0.05 level. (F) Elevated levels of sphingosine occur in spl À preparations. ESI/MS was performed in the positive-ion mode and the relative abundance of the m/z 274.2 d16:1 sphingosine peak was expressed as its ratio relative to the PtC peak (m/z 830.6). The identity of the sphingosine was confirmed by secondary collisions (not shown).
Thus spt2
À and spl À mutants were tested in media containing EtN ( Figure 3A -C). Above 37 mM EtN, their stationary phase defects, including culture density, cell viability, and metacyclogenesis, were reversed completely ( Figure 3A -C). Rescue was also seen at similar concentrations of P-EtN, CDPEtN, and PtE, although potentially these compounds were converted to EtN before and/or after uptake (data not shown). Interestingly, both mutants grown in EtN (437 mM) exhibited the overshoot phenomenon mentioned earlier, producing more metacyclics than WT, when scored by the PNA lectin method ( Figure 2C ) but not by the density gradient method (Supplementary Table S1 ). As before, this effect was transitory and lost over several passages in culture (data not shown).
In transmission electron microscopy (EM) analysis, spl À was less slender in shape, lacked mature acidocalcisomes, and had enlarged flagellum pockets filled with membranous structures ( Figure 3D -F) similar to spt2 À (Zhang et al, 2003) .
Compared with the spt2 À mutant, spl À accumulated fewer lipid inclusions and MVB-like vesicles ( Figure 3E and F). Importantly, growth in the presence of EtN restored all of these features to normal ( Figure 3G -I).
The stationary phase defects of the spt2 À and spl À mutants could be rescued through the expression of a serine decarboxylase from Arabidopsis thaliana, which directly converts serine into EtN (Rontein et al, 2001 ) ( Figure 1 and Supplementary Figure S4 ; as with the EtN studies, an overshoot was seen when metacyclics were scored by the PNA lectin method). Provision of several EtN derivatives failed to rescue the stationary phase defects of either mutant, including Nmethylethanolamine, N,N-dimethylethanolamine, choline, and propanolamine (3-amino-1-propanol; 4-500 mM). This showed that choline deficiency was not solely responsible for the defects in spt2 À and spl À mutants (data not shown).
EtN is required for log-phase promastigote growth
Given the importance of EtN in phospholipid synthesis and cellular viability, we were surprised that only stationary phase defects were observed in the mutants. Standard culture media contain 10% fetal bovine serum (FBS), which contains sphingoid bases, ceramides, and phospholipids including PtE, suggesting the possibility to salvage these compounds and conversion into EtN. Thus, we tested parasites adapted for growth in serum-free medium supplemented with 0.4% bovine serum albumin. Under these conditions, WT grew to densities greater than 10 7 /ml, with a doubling time of B24 h (versus 7 h in medium plus 10% FBS). In contrast, neither the spt2 À nor spl À mutants were able to replicate in defined medium, unless EtN was provided ( Figure 4 ). Thus, EtN is essential for growth, but unlike other organisms, the primary source of EtN derives from de novo SL synthesis and degradation.
WT promastigotes contain elevated amount of plasmalogen PtE during metacyclogenesis
As the EtN defect of the two SL mutants manifested only in stationary phase, we compared the abundance of PtE between log-and stationary-phase growth. In L. major, the majority of PtEs are 1-O-alkenyl-2-acyl-PtE, or plasmalogen PtE (80-90%), accompanied by low levels of 1,2-diacyl-PtE and 1-acyl-2-lyso-PtE (Zhang et al, 2003; Zufferey et al, 2003) . The two dominant species of plasmalogen PtE are 1-O-octadec-1 0 -enyl-2-octadecadienoyl-sn-glycero-3-phosphoethanolamine (p18:0/18:2-PtE) and 1-O-octadec-1 0 -enyl 2-octadecenoyl sn-glycero-3-phosphoethanolamine (p18:0/18:1-PtE). We measured the cellular level of plasmalogen PtE (p18:0/ 18:2-PtE plus p18:0/18:1-PtE) by semiquantitative electrospray mass spectrometry.
When grown in the absence of EtN, WT plasmalogen PtE levels rose 2-3-fold as cells progressed from log to stationary phase (0.7-1.5 Â10 8 to 2.0-2.9 Â10 8 molecules/cell; Figure  5A -C). In log phase, the PtE levels of both the spt2 À and spl À mutants were initially similar to WT, but decreased progressively during growth, ultimately falling to 10-fold less than WT in stationary phase ( Figure 5A -C). Notably, EtN addition restored the mutants' plasmalogen PtE levels to that of WT ( Figure 5C ). These data suggest that although some depletion of EtN occurs during growth, the inability to undergo the stationary phase increase in plasmalogen PtE levels probably In contrast to plasmalogen PtE, IPC remained relatively constant throughout the growth cycle in WT parasites, declining slightly to 80% in stationary phase ( Figure 5D ). Given its abundance, catabolism of IPC (via S-1-P) may contribute to the increase in plasmalogen PtE during metacyclogenesis.
Viable spl
À and spt2 À metacyclics are fully virulent
Previously we showed that spt2 À promastigotes were highly attenuated in infections of macrophages and susceptible mice (Zhang et al, 2005) . Similar results were obtained with the spl À mutant in both assays ( Figure 6A and data not shown).
However, when both mutants were grown with EtN or transfected with the SDC gene from A. thaliana, their ability to induce progressive lesions in susceptible mice returned to WT ( Figure 6B -D and Supplementary Figure S4) . Thus, whereas EtN was required for full metacyclic differentiation and virulence, SLs were not. Even when grown in the absence of EtN, after an initial delay of 4-6 weeks, both mutants induced lesions that progressed as rapidly as WT thereafter ( Figure 6A ). Typically this 'delayed lesion' phenotype arises when parasites are compromised in the initial phases of infection (macrophage entry, survival, and differentiation), but not in their ability to survive and replicate thereafter as amastigotes (Späth et al, 2000; Zhang et al, 2005) . Previously we showed that WT and spt2 À amastigotes salvaged SLs from the host, which were then converted into parasite-specific IPCs, and were morphologically normal (Zhang et al, 2005) . Similarly, recovered spl À amastigotes appeared normal in shape, size, and the abundance of acidocalcisomes ( Figure 6E-G) . The virulence of these spl À and spt2 À amastigotes was also comparable to WT in macrophage infections ( Figure 6H ). Thus, neither SPT2-dependent SL synthesis nor SPL-dependent degradation is required for parasite survival in macrophage or animal hosts.
SLs are not required for the metacyclic-specific relocalization of lipophosphoglycan to lipid rafts
The ability to generate healthy metacyclic spt2 À and spl À parasites, when grown in EtN, enabled further tests of potential SL roles beyond that as a conduit for EtN synthesis. Previously we showed that the abundant surface glycoconjugate lipophosphoglycan (LPG) undergoes a stage-specific relocalization into lipid rafts and detergent-resistant membrane (DRM) fractions; in log-phase promastigotes, LPG does not localize to DRMs, whereas in metacyclic parasites, LPG is abundant in DRMs (Zhang et al, 2003; Zufferey et al, 2003) . These and other data suggest that membrane organization differs considerably between the two developmental stages, and recently it was proposed that SLs are required for both membrane reorganization and LPG relocalization . To test this, we prepared DRMs from WT and mutant Leishmania grown in the presence of EtN. Despite the absence of SLs, spt2 À parasites relocalized LPG from a non-DRM compartment ( Figure 7A , 41C soluble fraction) in log phase to a DRM compartment in metacyclics ( Figure 7B , 41C insoluble fraction). Similar results were seen in the spl À mutants (Figure 7) . Thus, neither SLs nor SLs metabolism via SPT and SPL are required for redistribution of LPG during promastigote development. One minor phenotype associated specifically with altered SL metabolism independent of EtN was found: spt2 À parasites appear 'rounded' in shape relative to WT, as do spl À mutants (Figure 8) . 'Round cells' were quantified as those with the length of the long axis less than twice the length of the short axis. In stationary phase, round cells comprised 82% in spt2 À and 79% in spl À , versus 13% for WT; this was reduced to 7.8% (spt2 in stationary phase) but not spl À (29% round in log and 71% in stationary phase; Figure 8 ) mutants. Therefore, SLs contribute in some way to the maintenance of cell shape in log (but not stationary) phase, apart from their role in EtN synthesis.
Discussion
Here we probed the role of SL metabolism in Leishmania promastigotes in two mutants defective in seemingly opposing steps: an SL-null spt2 À mutant lacking de novo SL synthesis, versus an spl À mutant unable to degrade SL metabolites. Surprisingly, both had similar phenotypes: neither could grow in completely defined medium, whereas in standard culture media, both were viable during log phase, but rapidly lost viability in stationary phase and failed to differentiate into the infective metacyclic forms, compromising virulence. We identified EtN deficiency as the common problem, and showed that these defects were completely reversed by exogenous EtN. As the deletion of the SPT2 or SPL genes was sufficient to induce auxotrophy for EtN, our data prove that a major role of SL metabolism in Leishmania promastigotes is to provide EtN, essential for both growth and differentiation of promastigotes. In a later section, we discuss the implications of this finding to pathway evolution and function. We showed that deletion of the Leishmania SPL greatly reduced SPL activity, to a residual level approaching the limits of our assay ( Figure 2E ). There is a formal possibility that Leishmania possess a second SPL activity, from a gene undetectable thus far by database mining. Regardless, even if present, the level of this hypothetical activity is insufficient to provide enough EtN for growth or differentiation (Figures 2-4) , and thus it would not alter the conclusions drawn in our work.
The availability of these two mutants allowed for the first time assessment of the specific role of SLs in Leishmania development, by examining SL-null mutants grown in the presence of EtN. Clearly, SL deficiency had little negative effect on differentiation, metacyclic-specific membrane reorganization (Figure 7 ), membrane trafficking (data not shown) (Zhang et al, 2005) , localization of more than a dozen membrane protein or lipid markers for 'rafts', or the DRM protein profiles (K Zhang and S M Beverley, in preparation). One phenotype attributable to SL deficiency specifically was an altered shape of spt2 À mutants in log but not stationary growth phase (Figure 8 ), which could reflect changes in permeability and/or rigidity of membrane. In contrast, in 
À SSUHSDC, and spl À SSUHSDC promastigotes in log or stationary phase (day 3). Percentages of round cells are indicated in each panel. other eukaryotes, SLs and SL metabolites play crucial roles in many cellular functions, including the formation of DRM rafts, membrane trafficking, cell-to-cell recognition, regulation of growth and differentiation, stress response, intracellular signaling, apoptosis, and modulation of immune response, making perturbations of SL metabolism in these creatures highly deleterious. The availability of a healthy eukaryotic model lacking sphingolipids (spt2 À L. major promastigotes) thus offers a superb platform in which complex SL pathways from other organisms could be studied in a simpler, more defined and viable biological context. How is Leishmania able to tolerate complete SL deficiency with minimal effect? Previously we proposed that the unique properties of the parasite membrane may provide some redundancy and buffer of membrane perturbations (Zhang et al, 2003 (Zhang et al, , 2005 . Specifically, WT L. major membranes contain abundant levels of ergosterol, ether phospholipids, and sphingolipids in the form of IPC, in a combination that appears to be evolutionarily distinctive (for example, fungi make ergosterol but not ether phospholipids, whereas mammals do not synthesize ergosterol). All three of these lipid species show preferential localization to 'lipid raft' membrane microdomains (Pike et al, 2002; Silvius, 2003; Wang and Silvius, 2003) , and perturbation of their synthesis can lead to alterations in microdomains (Ilangumaran and Hoessli, 1998; Nagafuku et al, 2003; Rodemer et al, 2003) . We believe it is likely that this parasitic lipid triumvirate renders Leishmania relatively resistant to perturbation, as seen for loss of SLs here or other phospholipids (ads1 À mutant) (Zufferey et al, 2003) . In light of this, perhaps a more accurate characterization of our findings with the SL-deficient mutant grown in the presence of EtN is that we are probing the unique, non-redundant roles of SLs in this organism.
The pros and cons of depending upon the SL pathway for EtN
Owing to their critical roles in most eukaryotes in signaling pathways and other essential functions, sphingolipids have been termed 'dangerous' metabolites, as their levels must be precisely controlled and regulated (Merrill, 2002 ). This is a task of considerable complexity, as SLs and their metabolites, whose relative concentrations vary over many orders of magnitude, can show distinct and sometimes opposing actions. Perhaps because of these perils, SLs are typically not a major source of EtN in most eukaryotes (Hannun et al, 2001 ). Instead, SL-independent pathways are used as the primary route to synthesize EtN and/or PtE (Figure 1 ). For example, plants make EtN through decarboxylation of serine by SDC (Rontein et al, 2001) ; animals make PtE through salvage and the CDP-EtN and/or base exchange/PtS decarboxylase (PSD) pathway (Kent, 1995; Voelker, 1997; Dobrosotskaya et al, 2002) ; and fungi synthesize the majority of their PtE through decarboxylation of PtS (Trotter and Voelker, 1995; Birner et al, 2001) , synthesized de novo from serine and CDP-DAG by PtS synthase (PSS; Figure 1 ). In contrast, Leishmania and other trypanosomatids lack SDC and PSS genes or activities (Figure 1) , and although their genomes encode two genes showing similarity to the eukaryotic phosphatidyl serine/ethanolamine base exchange enzymes PSS2 and PSD (LmjF14.1200 and Lmj35.4590), our studies show that their contribution to PtE synthesis is negligible. In addition, Leishmania promastigotes show no essential non-redundant function for SLs in trafficking or maintenance of membrane microdomains, and as yet no role in signaling, thus allowing the SL pathway to bear the responsibility of bulk provision of EtN with relative impunity.
What led Leishmania to uniquely emphasize the SL-EtN option? Previous studies showed that the majority of PtE in Leishmania consist of plasmalogen PtE (Zhang et al, 2003; Zufferey et al, 2003) , whereas in most organisms, PtEs are a mix of diacyl and alkylacyl PtEs (Nagan and Zoeller, 2001 ). In mammals, there is some evidence that plasmalogen PtEs may be more dependent on direct synthesis via CDP-EtN: whereas both EtN-phospholipids may arise from CDP-EtN through the action of CDP-EtN:diacylglycerol ethanolamine phosphotransferase (EPT), diacyl PtE species may be somewhat buffered from this depletion owing to the presence of the combined activities of the base-exchange enzymes PSS1 and PSS2 and PSD in most eukaryotes (Polokoff et al, 1981; Nagan and Zoeller, 2001) . Why Leishmania chose to rely heavily on plasmalogen PtE is not immediately evident. Their trypanosome relatives synthesize high levels of both diacyl and plasmalogen PtEs, although plasmalogen PtE may also be dominant in the insect procyclic form (Patnaik et al, 1993; Guther et al, 2006) .
In Leishmania, plasmalogen PtE levels rise dramatically in stationary phase, accompanied by an increased requirement for EtN synthesis ( Figure 5 ). This suggests that EtN plays a critical role as parasites undergo differentiation in stationary phase to the infective metacyclic stage. Plasmalogen PtE exhibits different physical properties compared with diacyl PtE (Lohner, 1996) , including an ability to promote rapid membrane fusions (Glaser and Gross, 1994) , as well as displaying a propensity to form and/or interact with membrane microdomains as noted earlier. Potentially, these unique membrane properties play an important role during metacyclogenesis, a time marked by greatly increased membrane trafficking and remodeling. PtE is required for the formation of protein-GPI anchors, which are particularly abundant virulence factors in protozoa including Leishmania Ilgoutz and McConville, 2001) . The activity of translation factors can be modified by conjugation to EtN (Whiteheart et al, 1989) , and developmental roles for this are readily envisaged. The onset of stationary phase is marked by an increase in macroautophagy, where a key step involves conjugation of PtE to ATG8 proteins, and macroautophagy mutants show interesting defects in metacyclogenesis and infectivity (Wang et al, manuscript in preparation; (Ichimura et al, 2000; Besteiro et al, 2006) . It is also possible that EtN itself may play a role directly. Any and/or all of these roles may be reasonably implicated in the EtN requirement for stationary-phase differentiation of promastigotes to the metacyclic form, and thus play critical roles in parasite virulence.
The role of SLs and EtN in the amastigote stage
In contrast to the problems encountered during metacyclogenesis, spt2
À and spl À amastigotes appeared normal and fully infective ( Figure 6 ; Zhang et al, 2005) , and SPT2 and SPL mRNAs and/or proteins are downregulated in WT amastigotes (Zhang et al, 2003 (Zhang et al, , 2005 ; data not shown). These findings imply that amastigotes do not need EtN, or more likely, that amastigotes acquire EtN from the mammalian host, either directly or through hydrolysis of host PtEs.
Purified amastigotes of several Leishmania species contain host-derived lipids, including sphingolipids (McConville and Blackwell, 1991; Schneider et al, 1993; Zhang et al, 2005) , and phospholipids including PtE are taken up in vitro (Araujo-Santos et al, 2003) . Thus it seems likely that amastigotes acquire both SL and EtN from the host, and extrapolating from the normality of both spt2 À and spl À amastigotes, these occur independently. In the future, tests of the amastigote requirements for both SLs and EtN will require the generation of mutants, where these requirements cannot be bypassed by salvage. Although the synthetic pathways of SLs and PtE are largely conserved among eukaryotes, Leishmania parasites have evolved novel ways of utilizing and emphasizing these to fulfill their specific needs. This transition would not have been predicted from genomic comparisons, as from this perspective Leishmania appears as a typical eukaryote. Potentially, this type of genomically 'cryptic' metabolic reprogramming may represent an important strategy underlying the biodiversity of many organisms, and especially for opportunistic parasites that often rely on host pathways for essential metabolites.
Materials and methods
Cloning and sequencing of the L. major SPL gene A 1614-bp ORF that is similar to the SPL genes in other species was identified from the L. major Genomic Database (annotated as LmjF30.2350). The gene was PCR-amplified, cloned into the expression vector pXGBSD as pXGBSD-SPL (B4974), and its sequence confirmed and submitted to GenBank as AY770983.
Leishmania culture and genetic manipulation WT L. major LV39 clone 5 (Rho/SU/59/P), spt2 À (Dspt2HHYG/ Dspt2HPAC), and spt2 À / þ SPT2 (Dspt2HHYG/Dspt2HPAC/ þ pXG-SPT2) cells were grown as described (Zhang et al, 2003) . Promastigotes were cultured in complete M199 medium with 10% FBS (Kapler et al, 1990a) . Cell density was measured using a Coulter counter (Z1, Beckman) and viability was measured by flow cytometry after staining with 0.5 mg/ml of propidium iodide using a Becton Dickinson FACSCalibur. Metacyclics were isolated and quantified using the PNA or density centrifugation methods (Sacks and Perkins, 1984; Späth and Beverley, 2001) .
SPL coding regions were sequentially replaced by a neomycin (NEO) and a hygromycin (HYG) marker to generate the spl À (DsplHNEO/DsplHNEO/DsplHHYG) mutant. Chromosome 30 in LV39c5 is trisomic (E Brooke-Powell and S M Beverley, unpublished data) and fortuitously replacement of the third SPL copy occurred by gene conversion with the NEO allele (Gueiros-Filho and Beverley, 1996) . To restore SPL expression, spl À mutant clones were transfected with pXGBSD-SPL, referred to as spl À / þ SPL (DsplHNEO/DsplHNEO/DsplHHYG/ þ pXGBSD-SPL). Transfections were performed as described (Kapler et al, 1990b) . Several spl À mutants were characterized and showed similar phenotypes; data for clone #C6 are presented here.
Supplements (EtN, P-EtN, choline, etc,) were provided in log (1-5 Â10 5 cells/ml) or late log (5-9 Â10 6 cells/ml) phase. The A. thaliana SDC ORF (AF389349) was cloned in the BglII site of pIR1-Phleo (pIR1-Phleo-SDC, B5198). This was integrated into the small ribosomal subunit site of spl À and spt2 À to generate spl À SSUHSDC and spt2
À SSUHSDC. To test EtN requirements, promastigotes were grown in serum-free medium (M199 supplemented with 0.4% bovine serum albumin and no FBS) with 1 mM EtN. After five consecutive passages, promastigotes were inoculated into serumfree media at 2 Â10 different solvent system (chloroform/methanol/water, 65:25:4 by volume). Detergent extraction and Western blot analysis of LPG were performed as described (Zhang et al, 2003) . For microsomal preparations, stationary-phase promastigote was washed three times with PBS and suspended in 200 mM potassium phosphate, pH 7.2, 20 mM EDTA, 11% glycerol, 1 mM pyridoxal-5-phosphate, 15 mg/ml each of chymostatin, leupeptin, antipain, pepstain, 2 mM AEBSF, 10 mM NaF, and 5 mM 1,10-phenanthroline. Samples were sonicated, debris removed by centrifugation (2000 g, for 5 min), and microsomes were collected by centrifugation (90 min Â 100 000 g) and suspended in the buffer above. SPL activity was assayed as described (Van Veldhoven and Mannaerts, 1991; Mendel et al, 2003) . The average measured product c.p.m. in this assay for WT, spl À , spl À / þ SPL, and boiled extract control preparations were 2284, 1729, 2261, and 1419, respectively.
Phase-contrast microscopy and transmission EM
Promastigotes were attached to polylysine-coated cover-slips, followed by fixation with 3.7% formaldehyde in PBS. Phasecontrast images were obtained using an Olympus AX70 microscope. Percentages of 'round cells', defined as cells with length/width ratios less than 2:1, were determined after examinations of 200-300 cells. Transmission EM of stationary-phase promastigotes (3 days after reaching the maximal density) and amastigotes harvested from infected mice was performed as described (Zhang et al, 2005) .
Semiquantitative analysis of sphingosine, plasmalogen PtE, and IPC by electrospray ionization mass spectrometry Cellular levels of plasmalogen PtE and IPC in promastigote samples were determined using a similar protocol as previously described (Zhang et al, 2005) . Briefly, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (14:0/14:0-PtE) and 1,2-dipalmitoyl-sn-glycero-1-phosphoinositol (16:0/16:0-PtI) were added to promastigote samples at 15 mg per 10 8 cells each as internal controls. Total lipids were then extracted and subjected to ESI/MS analysis in the negative-ion mode. Abundance of plasmalogen PtE and IPC species relative to the internal standards was estimated from the ESI mass spectra. Similar protocol was used for the measurement of sphingosine in promastigotes samples.
Mouse footpad infection and macrophage infections
Promastigote virulence was evaluated in vivo by mouse footpad infections (Titus et al, 1991) . After three passages, late stationaryphase promastigotes (3 days at constant maximal density) and metacyclics (isolated from stationary-phase promastigotes using the PNA method or the density centrifugation method, as described) were resuspended in DMEM and injected into the footpads of 5-6 female BALB/c mice (8-week-old) at 10 6 cells/mouse (stationary phase) or 2 Â10 5 cells/mouse (metacyclics). Lesion sizes were measured with a Vernier caliper and parasite numbers in the infected foot pads were determined by limiting dilution assays (Titus et al, 1985) . Amastigotes were harvested from infected BALB/c mice and infections of murine peritoneal macrophages were performed as previously described (Zhang et al, 2005) .
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
